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I.  INTRODUCTION 


We  have  been  conducting  optical  diagnostic  measurements  on  solid  propellant 
combustion  for  the  past  few  years.  While  analyzing  some  recent  OH  absorption  spectra2,  * 
with  a  least  squares  fitting  program,  an  inconsistency  appeared,  i.e.,  the  computer  fits  of 
OH  absorption  data  taken  under  high  spectral  resolution  resulted  in  a  larger  statistical 
uncertainty  than  the  fits  for  spectral  data  taken  with  half  the  spectral  resolution.  The 
source  of  this  inconsistency  has  been  identified  and  corrected  using  a  wavelength 
"linearization"1  method  for  an  array  detector. 

II.  EXPERIMENTAL 

Premixed  CH,/N20  laminar  flames  and  nitramine  propellant  flames  have  been 
probed  by  detecting  rotationally  resolved  absorptions  of  the  OH  molecule  around 
306.4  nm.  Details  of  the  experimental  apparatus  appear  elsewhere2  5  and  only  the  optical 
detection  segment  will  be  described  here.  The  optical  path  for  light  produced  by  a  1  kw 
mercury-xenon  arc  lamp  is  shown  on  Fig.  1.  This  broadband  light  is  focussed  and 


Figure  1  The  light  path  for  the  optical  absorption  experiments.  The  glass  filter  (GF)  was  used  to  eliminate  first  order  light  when 
operating  the  spectrometer  second  order;  the  sample  is  either  a  premixed  flame  or  propellant 


apertured  with  lenses  and  adjustable  irises.  A  1 50  micron  pinhole  provides  the  final  spatial 
restriction  before  reaching  the  sample  region.  Light  transiting  the  sample  region  is  line 
focussed  onto  a  monochromator  with  a  cylindrical  lens.  This  Czemy-Tumer  type 
monochromator  (model  HR-320  manufactured  by  J-Y  Optical  Systems)  has  a  0.32  m  focal 
length  and  a  2400  grooves/mm  holographic  grating.  The  monochromator  was  operated 
in  second  order  to  adequately  resolve  the  rotational  absorption  lines  occurring  in  the 
A2I*-X2n,  ((),())  vibrational  band  system  of  OH.  First  order  light  is  rejected  by  a  glass  filter 


1 


(Schott  UG-11)  placed  in  front  of  the  monochromator.  A  0.025  mm  entrance  slit  gives  a 
spectral  resolution  (FWHM)  of  0.03  nm  for  second  order  operation  and  a  0.06  nm 
resolution  for  first  order  operation. 


Figure  2  Configuration  where  monochromator  focal  plane  is  (a.)  normal  to  the  central  wavelength  of  and  (b.)  inclined  at  an  angle  (i 

with  respect  to  the  central  wavelength  of  the  photodiode  array 

The  light  detector  is  a  photodiode  array  with  1024  photodiodes  of  0.025  mm  width. 
About  700  of  these  photodiodes  receive  amplified  light  from  a  microchannel  plate 
intensifier.  The  geometry  of  the  detector  with  respect  to  the  diffraction  grating  of  the 
monochromator  (see  Fig.  2)  determines  the  non-linearity  produced  in  the  conversion  of 
photodiode  position  to  wavelength.  The  tilt  angle  (G)  determines  the  extent  of  this  non¬ 
linearity.  In  the  data  analysis  section  which  follows,  an  algorithm  is  given  for  linearizing 
the  wavelength. 

III.  DATA  ANALYSIS 

When  a  monochromator  is  used  with  an  array  detector,  the  relationship  between 
wavelength  and  pixel  (photodiode)  position  may  not  be  linear.  The  following  abbreviated 
data  analysis  describes  such  a  case  for  a  Czemy-Tumer  type  configuration  and  is  taken 
from  an  optical  spectroscopy  tutorial  by  Lemer  and  Thevenson." 

The  grating  equation  can  be  written  as 

sin  A  +  sin  B  =  10  (’knw  (1) 

and 

Dv  =  B  -  A  (2) 
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All  of  the  symbols  .e  shown  in  Figs.  2a  and  2b  and  described  in  Table  1.  The  angle  of 


Table  1.  Symbols,  definitions,  units  and  values  when  appropriate. 


Symbol 

Definition 

Units 

Values  for 

HR-320 

A 

Angle  of  incidence 

degrees 

B 

Angle  of  diffraction 

degrees 

Dv 

Deviation  angle 

degrees 

24 

G 

Tilt  angle 

degrees 

2.4 

k 

Diffraction  order 

integer 

n 

Grating  groove  density 

grooves/mm 

2400 

w 

Wavelength 

nanometers 

w 

Wavelength  at  center  of  array 

nanometers 

Wm 

Wavelength  at  position  m 

nanometers 

Bw, 

Angle  of  diffraction  at  wavelength  m 

degrees 

Is 

Focal  length  of  monochromator 

mm 

320 

L-u 

Perpendicular  distance  from  grating 
to  the  focal  plane 

mm 

319.719 

B„ 

Angle  from  L,,  to  the  normal  to  the 
grating 

degrees 

HBw 

m 

Distance  from  the  intercept  of  the 
normal  to  the  focal  plane  to  the 
wavelength  wm 

mm 

HBw 

Distance  from  the  intercept  of  the 
normal  to  the  focal  plane  to  the 
wavelength  w,. 

mm 

13.4 

Pwd 

Nominal  width  of  the  pixel 

mm 

0.0245 

Pm 

Pixel  number  at  wavelength  wm 

integer 

Pc 

Pixel  number  at  wavelength  w, 

integer 

incidence  can 

be  expressed  as 

A  =  sin  (  1 0  "  knw/2cos(D.  /2)  j  - 

Dk  /2 . 

(3) 

For  a  specific  wavelength,  w.„,  F'.qn.  (1)  can  be  rewritten  as 


wn;  = 


(sin  A  +  sin  Bw.J  10'7'kn 


(4) 


where 


Bwm  =  B„  -  tan'CHBwyLn)  (5) 

and 

HBwm  =  HBwc  -  Pwd(Pm  -  Pc).  (6) 

Eqn.  (4)  is  now  used  to  compute  the  wavelength  for  the  least  squares  fitted  OH  spectra 
presented  in  the  results  section;  previous  published  results2  5  used  a  fixed  wavelength 
increment  per  pixel.  The  pixel  width  has  been  allowed  to  vary  in  the  fitting  procedure; 
although  the  nominal  width  between  pixels  is  given  as  0.025  mm  the  best  fits  occurred  for 
values  of  about  0.0245  mm. 

The  main  purpose  of  this  diagnostic  technique  is  to  extract  temperature  and 
concentration  from  absorption  spectra  by  using  a  non-linear  least  squares  fitting  procedure 
with  an  equation  of  the  form 


Itr  =  /  S(w,w0)I(w)dw  (7) 

where  I!r>  the  integrated  light  transmitted,  is  a  function  of  wD,  the  index  frequency  of  the 
diode;  S(w,w0)  is  an  instrument  function  appropriate  for  the  spectral  resolution  of  the 
detection  system;  and  I(w)  is  the  transmitted  intensity  of  a  group  of  lines  for  a  given 
species.  A  much  more  complete  explanation  of  the  absorption  technique  and  the  fitting 
procedure  is  described  elsewhere. 23-7  8 

IV.  RESULTS 

Figures  3  and  4  show  spectral  absorption  data  taken  in  an  atmospheric  pressure 
CHyNX)  laminar  flame.  These  absorptions  are  from  rotationally  resolved  transitions  in  the 
A  X  (0,0)  vibrational  band  system  of  OH.  The  data  are  represented  by  dots  and  the  non¬ 
linear  least  squares  fit  to  the  data  is  a  solid  line.  Conditions  under  which  these  absorption 
spectra  were  taken  plus  the  fitted  values  obtained  for  the  temperature  and  concentration 
are  given  in  Table  2.  The  main  differencet  between  the  spectral  data  of  Fig.  3  and  Fig.  4 
is  that  the  monochromator  was  operating  in  second  order  for  Fig.  3,  therefore,  these  data 
are  much  better  resolved.  Contrary  to  intuition,  however,  the  standard  deviation  of  the 
overall  fit  and  of  both  the  temperature  and  concentration  is  higher  for  the  better  resolved 


tit  is  also  seen  that  the  values  of  the  temperature  and  concentration  are  different.  This  result  is  not 
surprising  since  there  was  no  quantitative  control  on  flame  conditions  and  the  data  for  Figs.  3  and  4  were 
obtained  on  different  days. 


4 


WAVELENGTH  /  nm 


Figure  3  Rotationally  resolved,  second  order  (uncorrected)  OH  absorption  spectrum  taken  1  mm  above  the  burner  surface 
of  the  premixed  flame;  solid  line,  least  squares  fit  for  values  in  Table  2. 


Figure  4  Same  conditions  as  I  ig.  3  except  here  the  monochromator  was  operated  in  first  order. 
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data  (see  graph  captions).  This  observation  prompted  our  use  of  the  wavelength  correction 
algorithm  discussed  in  the  data  analysis  section.  The  data  of  Fig.  3  were  subsequently 
refitted  incorporating  this  algorithm  and  are  plotted  along  with  the  wavelength  corrected 
fit  on  Fig.  5.  Although  the  standard  deviation  of  the  fit  has  dropped  by  more  than  a  factor 
of  two,  it  is  difficult  to  see  the  differences  in  the  quality  of  the  fits  when  comparing  Figs.  3 


Figure  5  Same  conditions  as  Fig.  3  except  the  data  were  fitted  using  wavelength  linearization. 


and  5.  However,  plots  of  the  absolute  difference  (data  point  value  -  calculated  value)  for 
both  Figs.  3  and  5  clearly  show  the  improvement  attained  when  incorporating  this 
wavelength  linearization  algorithm,  and  these  are  given  on  Figs.  6  and  7,  respectively.  The 
absolute  value  differences  shown  in  Fig.  6  (uncorrected)  are  about  twice  as  large  as  in 
Fig.  7  (corrected).  Moreover,  the  data  of  Fig.  7  appear  random  whereas  the  data  of  Fig.  6 
are  structured  indicating  the  presence  of  a  systematic  error. 

The  data  of  Fig.  4  were  obtained  in  first  order  for  the  same  wavelength  range 
covered  on  Fig.  3.  This  means  that  for  the  data  of  Fig.  4  the  spatial  extent  of  the  dispersed 
light  is  about  half  that  for  the  conditions  of  Fig.  3,  hence,  the  nonlinearity  should  be  less 
influential.  This  is  confirmed  by  comparing  the  standard  deviation  of  the  least  squares  fit 
of  the  low  resolution  spectrum  with  and  without  the  wavelength  linearization.  For  spectra 
obtained  with  the  grating  operating  in  first  order,  no  appreciable  improvement  was  realized 
by  incorporating  wavelength  linearization.  Thus,  for  the  low  resolution  first  order  flame 
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0.02 
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Figure  6  Plot  of  (he  absolute  difference  of  (he  observed  values  and  (he  fitted  values  versus  wavelength  for  the  conditions 
of  Fig  3. 


I.g  5. 
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data  of  Fig.  4,  nonlinearity  in  the  wavelength  does  not  notably  influence  the  quality  of  the 
fit. 


Wavelength  linearization  has  also  been  applied  to  the  same  kind  of  OH  absorption 
data  taken  in  propellant  flames  burning  in  1.5  MPa  nitrogen.  This  is  a  significantly  more 
hostile  environment  than  a  premixed  laminar  flame,  and  there  is  a  limited  amount  of  time 
for  accumulating  the  data.  One  of  the  best  propellant  spectra  that  we  have  been  able  to 
obtain  is  shown  on  Fig.  8.  Although  the  second  order  propellant  data  is  noisier  than  the 
flame  data,  the  linearization  is  shown  to  still  lower  the  uncertainty  in  the  fitted  values  (see 
Table  2). 
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Table  2.  Conditions  for  which  OH  absorption  spectra  were  least  squares  fitted  to 
obtain  temperatures  and  concentrations  together  with  their  standard  deviation. 

Wavelength 


Sample  Order 

Linearization 

OH  Concentration 
(molecules/cc) 

Temperature 

(K) 

Comments 

Flame 

2 

no 

3.67  ±  0.14  x  1016 

2214  ± 

85 

data  and  fit  on  Fig.  3 

Flame 

1 

no 

3.05  ±  0.08  x  1016 

2378  ± 

64 

data  and  fit  on  Fig.  4 

Flame 

2 

yes 

3.66  ±  0.07  x  10’6 

2212  ± 

37 

shown  on  Fig.  5 
same  data  as  Fig.  3 

Flame 

1 

yes 

3.07  ±  0.07  x  1016 

2380  ± 

64 

fit  not  shown 
same  data  as  Fig.  4 

Propellant 

2 

no 

2.29  ±  0.07  x  10,(> 

2346  ± 

75 

not  shown 

Propellant 

2 

yes 

2.33  ±  0.06  x  10'6 

2420  ± 

54 

data  and  fit  on  Fig.  8 

V.  CONCLUSION 

The  wavelength  linearization  process  described  in  the  text  has  significantly 
improved  the  fitting  of  data  taken  by  a  photodiode  array.  In  the  case  of  OH  absorption 
spectra  taken  in  a  steady-state  premixed  flame,  the  standard  deviation  of  the  fit  was 
lowered  by  more  than  a  factor  of  two.  As  the  spectral  resolution  decreases  or  other 
sources  of  noise  become  larger,  the  relative  importance  of  the  linearization  effect  decreases. 
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ATTN:  R.  Ghirardelli 

D.  Mann 
R.  Singleton 
R.  Shaw 
P.O.  Box  12211 
Research  Triangle  Park,  NC 
27709-2211 

2  Commander 

US  Army,  ARDEC 

ATTN:  SMCAR-AEE-B,  D.S.  Downs 

SMCAR-AEE,  J.A.  Lannon 
Picatinny  Arsenal,  NJ  07806-5000 

1  Commander 

US  Army,  ARDEC 

ATTN:  SMCAR-AEE-BR,  L.  Harris 

Picatinny  Arsenal,  NJ  07806-5000 

2  Commander 

US  Army  Missile  Command 
ATTN:  AMSMI-RK, 

DJ.  Ifshin 
W.  Wharton 

Redstone  Arsenal,  AL  35898 

1  Commander 

US  Army  Missile  Command 
ATTN:  AMSMI-RKA,  A.R.  Maykut 

Redstone  Arsenal,  AL  35898-5249 

1  Office  of  Naval  Research 
Department  of  the  Navy 
ATTN:  R.S.  Miller,  Code  432 

800  N.  Quincy  Street 
Arlington,  VA  22217 

1  Commander 

Naval  Air  Systems  Command 
ATTN:  J.  Ramnaracc, 

AIR-5411 1C 
Washington,  DC  20360 

1  Commander 

Naval  Surface  Warfare  Center 
ATTN:  J.L.  East,  Jr.,  G-23 

Dahlgren,  VA  22448-5000 

2  Commander 

Naval  Surface  Warfare  Center 
ATTN:  R.  Berneckcr,  R-13 

G.B.  Wilmot,  R-16 
Silver  Spring,  MD  20903-5000 


No.  of 

Copies  Organization 

5  Commander 

Naval  Research  Laboratory 
ATTN:  M.C.  Lin 

J.  McDonald 
E.  Oran 
J.  Shnur 

RJ.  Doyle,  Code  6110 
Washington,  DC  20375 

1  Commanding  Officer 
Naval  Underwater  Systems 

Center  Weapons  Dept. 

ATTN:  R.S.  Lazar/Code  36301 

Newport,  RI  02840 

2  Commander 

Naval  Weapons  Center 
ATTN:  T.  Boggs,  Code  388 

T.  Parr,  Code  3895 
China  Lake,  CA  93555-6001 

1  Superintendent 

Naval  Postgraduate  School 
Dept,  of  Aeronautics 
ATTN:  D.W.  Netzer 

Monterey,  CA  93940 

3  AL/LSCF 

ATTN:  R.  Corley 

R.  Geisler 
J.  Levine 

Edwards  AFB,  CA  93523-5000 

1  AIVMKPB 

ATTN:  B.  Goshgarian 

Edwards  AFB,  CA  93523-5000 

1  AFOSR 

ATTN:  J.M.  Tishkoff 

Bolling  Air  Force  Base 
Washington,  DC  20332 

1  OSD/SDIO/UST 
ATTN:  L.  Caveny 

Pentagon 

Washington,  DC  20301-7100 

1  Commandant 
USAFAS 

ATI  TV:  ATSF-TSM-CN 

Fort  Sill,  OK  73503-5600 

1  F.J.  Seiler 

ATTN:  S.A.  Shackleford 

USAF  Academy,  CO  80840-652 8 
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No.  of 
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Organization 


1  University  of  Dayton  Research  Institute 
ATTN:  D.  Campbell 

AL/PAP 

Edwards  AIT,  CA  93523 
1  NASA 

Langley  Research  Center 
Langley  Station 

ATTN:  G.B.  Northam/MS  168 

Llampton,  VA  23365 

4  National  Bureau  of  Standards 
ATTN:  J.  Hastie 

M.  Jacox 
T.  Kashiwagi 
H.  Semerjian 

US  Department  of  Commerce 
Washington,  DC  20234 

1  Aerojet  Solid  Propulsion  Co. 

ATTN:  P.  Micheli 

Sacramento,  GA  95813 

1  Applied  Combustion  Technology,  Inc. 

ATTN:  A.M.  Varney 

P.O.  Box  17885 
Orlando,  FL  32860 

2  Applied  Mechanics  Reviews 
The  American  Society  of 

Mechanical  F.ngineers 
ATTN:  R.E.  White 

A.B.  Wenzel 
345  E.  47th  Street 
New  York,  NY  10017 

1  Atlantic  Research  Corp. 

ATEN:  M.K.  King 

5390  Cherokee  Avenue 
Alexandria,  VA  22314 

1  Atlantic  Research  Corp. 

ATLN:  R.If.W.  Waesche 

7511  Wellington  Road 
Gainesville,  VA  22065 

I  AVCO  live  ret!  Research 
laboratory  Division 
ATTN:  D.  Stickler 

2385  Revere  Beach  Parkway 
Everett,  MA  02149 


1  Battelle  Memorial  Institute 
Tactical  Technology  Center 
ATTN:  J.  Huggins 

505  King  Avenue 
Columbus,  OH  43201 

1  Cohen  Professional  Services 
ATTN:  N.S.  Cohen 

141  Channing  Street 
Redlands,  CA  92373 

1  Exxon  Research  &  Eng.  Co. 
ATTN:  A.  Dean 

Route  22E 

Annandale,  NJ  G82C1 

1  Ford  Aerospace  and 

Communications  Corp. 
DIVAD  Division 
Div.  Hq.,  Irvine 
ATTN:  I).  Williams 

Main  Street  &  Ford  Road 
Newport  Beach,  CA  92663 

1  General  Applied  Science 
laboratories,  Inc. 

77  Raynor  Avenue 
Ronkonkama,  NY  11779-6649 

1  General  Klectric  Armament 
&  Electrical  Systems 
AT IX:  M.J.  Bulman 

Lakeside  Avenue 
Burlington,  VT  05401 

1  General  Electric  Ordnance 

Systems 

ATTN:  J.  Mandzy 

100  Plastics  Avenue 
Pittsfield,  MA  01203 

2  General  Motors  Rsch  I.abs 

Physics  Department 
ATTN:  T.  Sloan 

R.  Teels 
Warren,  MI  48090 

2  Hercules,  Inc. 

Allegheny  Ballistics  I^b. 

ATTN:  W.B.  Walkup 

E.A.  Yount 
P.O.  Box  210 

Rcxikct  Center,  WV  26726 
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1  Honeywell,  Inc. 

Government  and  Aerospace 
Products 

ATTN:  D.E.  Broden/ 

MS  MN50-2000 
600  2nd  Street  NE 
Hopkins,  MN  55343 

1  Honeywell,  Inc. 

ATTN:  R.E.  Tompkins 

MN 38-3300 

10400  Yellow  Circle  Drive 
Minnetonka,  MN  55343 

1  IBM  Corporation 
ATTN:  A.C.  Tam 

Research  Division 
5600  Cottle  Road 
San  Jose,  CA  95193 

1  IIT  Research  Institute 

ATTN:  R.F.  Remaly 

10  West  35th  Street 
Chicago,  IL  60616 

2  Director 
Lawrence  Livermore 

National  laboratory 
ATTN:  C.  Westbrook 

M.  Costantino 
P.O.  Box  808 
Livermore,  CA  94550 

1  Lockheed  Missiles  &  Space  Co. 
ATTN:  George  Lo 

3251  Hanover  Street 
Dept.  52-35/B204/2 
Palo  Alto,  CA  94304 

1  Los  Alamos  National  Lab 
ATLN:  B.  Nichols 

T7,  MS-B284 
P.O.  Box  1663 
Los  Alamos,  NM  87545 

1  National  Science  Foundation 
ATrN:  A.B.  Harvey 

Washington,  DC  20550 

1  Onn  Corporation 

Smokeless  Powder  Operations 
ATTN:  V.  McDonald 

P.O.  Box  222 
St.  Marks,  FL  32355 


1  Paul  Gough  Associates,  Inc. 

ATTN:  P.S.  Gough 

1048  South  Street 
Portsmouth,  NH  03801-5423 

2  Princeton  Combustion 

Research  Laboratories,  Inc. 
ATTN:  M.  Summerfield 

N.A.  Messina 
475  US  Highway  One 
Monmouth  Junction,  NJ  08852 

1  Hughes  Aircraft  Company 
ATTN:  T.E.  Ward 

8433  Fallbrook  Avenue 
Canoga  Park,  CA  91303 

1  Rockwell  International  Corp. 
Rocketdyne  Division 
ATTN:  J.E.  Flanagan/HB02 

6633  Canoga  Avenue 
Canoga  Park,  CA  91304 

4  Sandia  National  Laboratories 
Division  8354 
ATTN:  R.  Cattolica 

S.  Johnston 
P.  Mattern 
D.  Stephenson 
Livermore,  CA  94550 

1  Science  Applications,  Inc. 
ATTN:  R.B.  Edelman 

23146  Cumorah  Crest 
Woodland  Hills,  CA  91364 

3  SRI  International 

ATTN:  G.  Smith 

D.  Croslcy 
D.  Golden 

333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

1  Stevens  Institute  of  Tech. 
Davidson  laboratory 
ATTN:  R.  McAlcvy,  III 

Hoboken,  NJ  07030 

1  Thiokol  Corporation 
Elkton  Division 
ATrN:  S.F.  Palopoli 

P.O.  Box  241 
Elkton,  MD  21921 
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1  Morton  Thiokol,  Inc. 

Huntsville  Division 
ATTN:  J.  Dcur 

Huntsville,  AL  35807  7501 

3  Thiokol  Corporation 
Wasatch  Division 
ATTN:  S.J.  Rennet! 

P.O.  Box  524 
Brigham  City,  l  IT  84302 

I  United  Technologies  Research  Center 
A'lTN:  A.C.  Eckbreth 

Bast  Hartford,  CT  06108 

3  United  Technologies  Corp. 

Chemical  Systems  Division 
ATTN:  R.S  Brown 

I  D  Myers  (2  copies) 

I1  O.  Box  49028 

San  Jose,  CA  051 61  -‘7028 

1  Universal  Propulsion  Company 

A  TI  N:  H.J  McSpadden 

Black  Canyon  Stage  1 
Box  1140 

Phoenix,  A/  85020 

I  Veritay  Technology,  Inc. 

ATTN:  I  B  lasher 

4845  Millersport  Highway 
P.O  Box  305 

Past  Amherst,  NY  14051-0305 

I  Brigham  Young  University 

Dept,  of  Chemical  Engineering 
A  TI  N  M  W  Beckstead 

Provo.  UT  8405K 

1  California  Institute  of  Tech. 

Jet  Propulsion  laboratory 
ATTN:  L  Strand/MS  51 2/1 02 

4800  Oak  Grove  Drive 
Pasadena,  CA  oiooo 

1  (  aliforma  Institute  of 

I  et  hnology 

ATTN:  EEC  Culiek 

MC  701-46 
204  Karman  lab. 

Pasadena.  CA  01125 

I  University  of  California 

lx>s  Alamos  ScientiTic  lab. 

P.O  Box  1663,  Mail  Stop  B2I6 
I. os  Alamos,  NM  87545 


1  University  of  California, 

San  Diego 

AITN:  F.A.  Williams 

AMES,  B0 10 
\x  Jolla,  CA  92093 

2  University  of  California, 

Santa  Barbara 
Quantum  Institute 
ATTN:  K.  Schofield 

M.  Steinberg 

Santa  Barbara,  CA  93106 

1  University  of  Colorado  at 

Boulder 

Engineering  Center 
ATI"N:  J.  Daily 

Campus  Box  427 
Boulder,  CO  80309-0427 

2  University  of  Southern 

California 
Dept,  of  Chemistry 
ATTN:  S.  Benson 

C.  Wittig 

I  os  Angeles,  CA  90007 

]  Case  Western  Reserve  Univ. 

Div.  of  Aerospace  Sciences 
A'lTN:  J.  lien 

Cleveland,  OH  44135 

1  Cornell  University 

Department  of  Chemistry 
ATIN:  T.A.  Cool 

Baker  laboratory 
Ithaca,  NY  14853 

1  University  of  Delaware 

ATTN:  I  Brill 

Chemistry  Department 
Newark,  DE  1971 1 

I  University  of  Florida 

Dept  of  Chemistry 
ATTN:  J.  Winelordner 

(iainesville.il  32611 

3  Georgia  Institute  of 

Technology 
Schixtl  ol  Aerospace 
Engineering 
ATTN.  E  Price 

W.C.  Strahle 
B.T  /rnn 
Atlanta.  GA  30332 
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1  University  of  Illinois 
Dept,  of  Mech.  Eng. 

ATTN:  H.  Krier 

144MEB,  1206  W.  Green  St. 
Urbana,  II.  61801 

1  Johns  Hopkins  University/API 
Chemical  Propulsion 
Information  Agency 
A1TN:  T.W.  Christian 

Johns  Hopkins  Road 
I-aurel,  MD  20707 

1  University  of  Michigan 
Gas  Dynamics  Lab 
Aerospace  Engineering  Bldg. 
ATTN:  G.M.  Faeth 

Ann  Arbor,  MI  48109-2140 

1  University  of  Minnesota 
Dept,  of  Mechanical 
Engineering 
ATTN:  E.  Fletcher 

Minneapolis,  MN  55455 

3  Pennsylvania  State  University 
Applied  Research  Laboratory 
ATTN:  K.K.  Kuo 

H.  Palmer 
M.  Micci 

University  Park,  PA  16802 

1  Pennsylvania  State  University 
Dept,  of  Mechanical  Engineering 
AITN:  V.  Yang 

University  Park,  PA  16802 

1  Polytechnic  Institute  of  NY 
Graduate  Center 

A  ITN:  S.  Lederman 

Route  110 

Farmingdale,  NY  11735 

2  Princeton  University 

l  orrcstal  Campus  Library 
Aim  K.  Brczinsky 

I.  Glassman 
P.O.  Box  710 
Princeton,  NJ  08540 

1  Purdue  University 
School  of  Aeronautics 
and  Astronautics 
ATTN:  J.R.  Osborn 

Grissom  Hail 

West  l^fayette,  IN  47906 


No.  of 

Copies  Organization 

1  Purdue  University 

Department  of  Chemistry 
ATTN:  E.  Grant 

West  Lafayette,  IN  47906 

2  Purdue  University 
School  of  Mechanical 

Engineering 

ATTN:  N.M.  Laurendeau 

S.N.B.  Murthy 
TSPC  Chaffee  Hall 
West  Lafayette,  IN  47906 

1  Rensselaer  Polytechnic  Inst. 
Dept,  of  Chemical  Engineering 
ATTN:  A.  Fontijn 

Troy,  NY  12181 

1  Stanford  University 
Dept,  of  Mechanical 
Engineering 
ATTN:  R.  Hanson 

Stanford,  CA  94305 

1  University  of  Texas 
Dept,  of  Chemistry 
ATTN:  W.  Gardiner 

Austin,  TX  78712 

1  University  of  Utah 

Dept,  of  Chemical  Engineering 
ATTN:  G.  Flandro 

Salt  Lake  City,  UT  84112 

1  Virginia  Polytechnic 
Institute  and 
State  University 
ATTN:  J.A.  Schetz 

Blacksburg,  VA  24061 

1  Freedman  Associates 
ATTN:  E.  Freedman 

241 1  Diana  Road 
Baltimore,  MD  21209-1525 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes. 
Your  comments/answers  to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  BRL  Report  Number _ BRL-MR-3866 _ Date  of  Report  SEPTEMBER  1990 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest 

for  which  the  report  will  be  used.)  _ _ 


4.  Specifically,  how  is  the  report  being  used  ’  (Information  source,  design  data,  procedure,  source 
of  ideas,  etc.) _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars 
saved,  operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  Genera]  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate 
changes  to  organization,  technical  content,  format,  etc.) _ _ 


Name 

CURRENT 

ADDRESS 

Organization 

Address 

City,  .‘-  ate.  Zip  Code 


If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  New  or  Correct 
Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


OLD 

ADDRESS 


Name 

Organization 

Address 

City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  staple  or  tape  closed,  and  mail.) 


FOLD  HERE 


Department  of  the  Army 

Director 

L'.S.  Army  Ballistic  Research  Laboratory 

ATTN:  SLCBR  DD-T 

Aberdeen  Proving  Ground,  MI)  2!i'  -5066 

OFFICIAL  BUSINESS 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNBED  STATES 


BUSINESS  REPLY  MAIL] 

FIRST  CLASS  PERMIT  No  0001,  APG,  MdJ 

POSTAGE  WILL  BE  PAID  BY  ADDRESSEE 


Dircclor 

U.S.  Army  Ballistic  Research  I.atoratory 

ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Grouttd.  ML)  21005-99R9 


FOLD  HERE 


